The effects which alterations in the concentrations of internal sodium and high energy phosphate compounds had on the sodium influx and efflux of internally dialyzed squid axons were examined. Nine naturally occurring high energy phosphate compounds were ineffective in supporting significant sodium extrusion. These compounds were: AcP, PEP, G-3-P, ADP, AMP, GTP, CTP, PA, and UTP.
INTRODUCTION
Previous studies on squid giant axons subjected to internal solute control by dialysis have shown that the sodium fluxes across the membrane were approximately normal in magnitude and that the efflux of sodium depended upon internal ATP. The preparation also exhibited many of the other properties known to be characteristic of the sodium efflux in squid axons. The experiments to be described were undertaken in order to characterize the relation between internal ATP and sodium efflux, and to determine the extent to which some other high energy phosphate compounds of common biological occurrence can support sodium extrusion. Because strophanthidin reduces the Na efflux of squid axons (apparently by interfering with the ability of the membrane to hydrolyze ATP) measurements of Na efflux were made under conditions where [ATP] i was varied over wide limits, and the response of the efflux to this inhibitor noted. * pH of external solutions 7.5, of internal solutions 6.9-7.1. $ CN-ASW formulated by addition of 1-4 mm NaCN, buffered to pH 7.5.
A second phase of the work was concerned with measurements of sodium influx because recent experiments on erythrocytes (Garrahan and Glynn, 1967 a, b, c, d, e) indicate that under proper conditions, it is possible to demonstrate a component of the sodium influx that appears to be a one-to-one exchange of internal for external sodium ions. In the present work experiments were done to characterize the sodium influx in dialyzed squid axons and to determine the extent to which observed alterations in influx could be ascribed either to the presence of [ATP] i and/or [Na]i .
METHODS
The experiments reported here were performed upon live specimens of Loligo pealei, during the period January, 1967 to January, 1968. Animals were obtained either at the Marine Biological Laboratory, Woods Hole, Massachusetts, or from Ocean City, Maryland. The apparatus and procedures used to dialyze isolated squid axons have been extensively described previously Mullins and Brinley, 1967) . Only the salient modifications will be mentioned here.
Dialysis Capillaries
The porous glass capillaries used in the present studies had the same outside diameter as those used in earlier studies, but the wall thickness was about 12 to M as great. The porosity of these capillaries as supplied by the manufacturer (Corning Glass Co., Corning, N. Y.) was considerably greater than that of earlier lots and could be easily increased to levels required for the present purposes simply by soaking the capillaries in 70 mM Na-EDTA (pH 6.80) for 5-50 hr at room temperature. Capillaries thus treated proved to have a permeability to ATP, phenol red, and a test protein (hemoglobin) comparable to that of the earlier capillaries, but the water filtered at the standard flow rate (IX/min) was about 10% of that reported previously because of the much lower pressure drop in the porous region resulting from the larger lumen. The simplified preparative procedure yielded capillaries with greater mechanical strength which were less prone to break. Capillaries were stored in distilled water containing 20 % ethanol to retard bacterial growth on the porous surface.
Solutions The solutions used in this study are given in Table I . The external solutions are conventional. A large variety of internal solutions were used, reflecting a continuing search for a more suitable medium. The purpose for which each of the dialysis media was used is indicated below.
Strophanthidin seawater was prepared by dissolving an appropriate amount of strophanthidin in artificial seawater. No alcohol was used as a solvent.
Standard Media Solutions A', G, G', O, O'
The rationale behind the inclusion of the major ingredients has been previously discussed . Minor modifications in the present series involved replacement of L-aspartate by its biologically inactive D-isomer, addition of EGTA or EDTA to chelate traces of Ca that might be present, and addition of TES as a buffering agent.
Influx Experiments, with Altered [Na]i E, F, F' Efflux Experiments with Altered [Na]i H, M, N'
Solutions with sodium concentrations intermediate between those listed were prepared by mixing appropriate amounts of the stock solutions.
High Energy Phosphate Compounds
The barium salt of phosphoarginine was obtained as a gift from Professor J. F. Morrison. All other compounds were obtained from Sigma Chemical Co. and stored at -90C. Concentrated stock solutions were made up as either Na or K salts buffered to pH 7.0 and stored at -90 0 C. Deterioration of ATP and PA under these conditions was less than 2-3 % per month. ATPand/or PA-containing solutions were made up by appropriate additions of the stock solutions to aliquots of dialysis media. The magnesium concentration of the dialysis media was always 4 mM in excess of the di-or triphosphonucleotide concentration.
Biochemical Procedures Acetyl phosphate was assayed by a chemical procedure as described by Lipmann and Tuttle (1945) . (See also Stadtman, 1957.) ATP analyses were done by the firefly flash method as previously modified and described by us . Although this method had the requisite sensitivity for analysis of picomole amounts of ATP in samples of dialysate, the presence of nonspecific transphosphorylases in the commercial luciferin-luciferase extract made it impossible to assay for ATP in the presence of any large amount of other triphosphonucleotides. Accordingly the commercial extract was put through the purification procedure described by Strehler (see Bergmeyer, p. 572, Method b) . This procedure enhanced the selectivity for ATP in comparison with d-ATP by a factor of 10-20. A representative analysis using the purified material is shown in the Results section where experiments involving d-ATP are presented. 
RESULTS

The Influence of High Energy Phosphates Other Than A TP on Sodium Extrusion
Previous studies have shown that ATP alone was capable of serving as a substrate for the operation of the Na pump of the squid axons and that the efflux observed was comparable to values found in intact or injected axons. A further finding was that phosphoraginine (PA) did not energize more than a trivial amount of Na extrusion and that such extrusion as was observed was correlated with the appearance of an [ATP] of the order of 10 /UM in the dialysis effluent. Such a finding, while ruling out PA as a substrate, gives no information about the possibility that other compounds might be able to serve as substrates for Na extrusion. The experiments to be described below were done first, to examine the extent to which the structure of the ATP molecule itself can be modified and still retain substrate activity, and second to examine other high energy phosphate compounds not related to ATP which we had reason to think might have some ability to fuel Na extrusion.
The method for testing all the compounds was essentially the same and can be summarized by the following. Squid axons were subjected to extensive "predialysis" of both the end regions and the center, using a dialysis fluid free of high energy phosphate compounds other substances of molecular weight less than 1000 not present in the dialysis medium; there is some evidence that pretreatment of the axon with CN seawater is helpful in reducing [ATP] . Following the predialysis, the medium was switched to one containing 22 Na and a "no fuel" base line obtained. Finally, a 22Na medium containing the desired concentration of test substrate was applied. The experiment was usually concluded with a brief application of ATP as a check on the performance of the Na pump. The results of experiments on eleven high energy phosphate compounds are summarized in Table  II ACETYL PHOSPHATE Recent reports (Bond et al., 1966; Bader and Sen, 1966) have shown that AcP is capable of forming a phosphorylated intermediate with membrane ATPase, presumably in the same manner as ATP. It seemed important, therefore, to compare the action of AcP on Na efflux with that of ATP. Fig. I shows the result of an experiment in which the test dialysis Table III . The Na efflux during dialysis with this solution is actually lower than the base line efflux but this is probably the result of a declining [ATP] in the dialysis effluent as shown by the horizontal bars on the graph and the right-hand ordinate.
The axon was capable of giving a normal response to fuel as demonstrated by the fact that a change to an internal dialysis medium of 160 /.M ATP produced a large rise in Na efflux. Furthermore the Na efflux energized by ATP showed an appropriate sensitivity to externally applied strophanthidin. In all, three axons were tested for a response of the Na efflux to 2-3 mM AcP, but none was seen. Because of the low levels of radioactivity collected, an incre-ment of efflux as large as about 2% of the normal efflux could have escaped attention. Chemical assay (see Methods) of the material used showed that it was at least 85% AcP, and that 5 mM solutions of AcP (in standard dialysis media) showed a decomposition of less than 1%/hr when allowed to stand at room temperature for several hours (i.e. for periods far in excess of those of the experiments). Determination of the rate of hydrolysis of AcP in the presence of extruded axoplasm indicated that the rate was not significantly greater than the spontaneous breakdown. The negative results observed during dialysis therefore cannot be ascribed to very rapid hydrolysis of AcP during radial diffusion from the porous capillary to the axolemma. The AcP was a dilithium 
PHOSPHO(ENOL)PYRU ATE AND
GLYCERALDEHYDE-3-PHOSPHATE These two intermediates of glycolysis might be presumed to occur normally, at least in small amounts, in intact squid axons and therefore might support some degree of Na extrusion. However, dialysis with millimolar concentrations failed to show any evidence of active Na transport (see Figs. 1 and 2 ). Actually the high energy compound, 1, 3-diphosphoglycerate (1, 3-DPG), is of greater interest than its precursor, glyceraldehyde-3-phosphate (G-3-P). This compound is not readily available commercially and therefore G-3-P + Pi was used in the dialysis medium instead. Hoskin (1966) has shown that isolated squid axoplasm can convert glucose to carbon dioxide via the glycolytic pathways, implying the existence of glycolytic enzymes, although glyceraldehyde-P-dehydrogenase was not specifically identified. Because the standard free energy of formation of 1, 3-DPG from G-3-P is + 1.5 kcal/mole (at pH 7.0), the amount of 1,3-DPG actually formed in the axoplasm under the conditions of the present experiments probably resulted in an intracellular concentration of no more than a few micromolar at most. These results therefore do not provide direct information on the ability of 1,3-diphosphoglycerate to support sodium extrusion in the squid axon.
THE TRIPHOSPHATES OF URIDINE, CYTOsINE, AND GUANOSINE
Perhaps the most obvious modification of the ATP molecule is to replace the adenine ring with other purine or pyrimidine rings. One or two experiments were done with each of the compounds UTP, CTP, and GTP and the results are shown in Table II where the Na efflux that they produce may be compared with values
Photomultiplier Output Fig. 2 ). For comparison, the response of the system to about 6% as much ATP is also illustrated. The times of start of the firefly flash reaction have been slightly staggered to avoid complete superposition.
Seconds
we have obtained with ATP. For each of these compounds there was at best a 5-10% increase in Na efflux during test dialysis. Even this small increase may be the result of ATP, however, since we could not analyze for [ATP] in the dialysis effluent. (The firefly flash assay for ATP in use at the time of these experiments could not discriminate between large excesses of XTP and ATP itself nor could we analyze the compounds used for traces of ATP present as a contaminant.) The conclusion from this study is that the Na pump has a specific requirement for an adenine ring.
ADP AND AMP A second modification of the structure of ATP is to remove a phosphate group, thereby transforming the molecule into ADP. The interpretation of experiments using ADP as a substrate is complicated by the presence of adenylate kinase in axoplasm. This enzyme will carry out the following reaction: 2 ADP = ATP + AMP. The adenylate kinase reaction has been shown to occur in axoplasm (Caldwell et al., 1964; Mullins and Brinley, 1967) ; therefore appreciable amounts of ATP could be expected to be formed in axoplasm undergoing dialysis with ADP. Fortunately, the equilibrium constant for the reaction is about 0.5 (Eggleston and Hems, 1952) so that the [ATP] but the scatter in the data could conceal a flux contribution from (ADP + AMP) of as much as 5 pmoles/cm2 sec or 10% of the total pump efflux.
d-ATP Another modification of the ATP molecule is possible by changing the sugar connecting the adenine ring with the triphosphate moiety. We have used a deoxyribose (d-ATP) substitution because a report by Whittam and Wiley (1967) suggested that the use of deoxyadenosine in intact red blood cells allowed active K transport to proceed.
An experiment involving dialysis with d-ATP is shown in Fig. 2 , where it may be seen that a substantial increase in Na efflux occurs when this compound is supplied. The possibility that the sample of commercially prepared d-ATP was contaminated seemed unlikely but could not be dismissed; nor could we exclude the possibility that the axoplasm was capable of converting some d-ATP into ATP. With a suitable purification of the firefly extract used for ATP analysis (see Methods) it was possible to analyze for 10-100 pmoles of ATP in the presence of a 10-to 100-fold excess of d-ATP. The result of a typical analysis upon the effluent dialysate obtained in the experiment of Fig.  2 is shown in Fig. 3 . These records allow the comparison of a flash emitted by the entering perfusion solution with a comparable sample of the same perfusion solution after it had passed through the axon. A third trace shows the response of the analytical system when a sample containing about 5% as much pure ATP is injected. A generous estimate for the maximum possible ATP Minutes present in the effluent dialysate based on these data would be 1-2% of the d-ATP concentration, or 3-6 ,M. Since the observed increment in Na efflux is far larger than could be attributed to an [ATP]i of this magnitude, the conclusion is that d-ATP itself was capable of operating the Na pump about 25-500% as well as ATP.
The Effect of [Na]i on Sodium Effiux
The dialysis technique affords a convenient way of adjusting the [Na]i to almost any desired value and thus allows one to study the dependence of Na efflux on [Na]i . The axons used for this study were fueled either with 1 mM each ATP + PA or with 5 mM each ATP + PA: the sodium concentration in the dialysis medium was adjusted to desired values by substituting Na for K in the solution. The largest value of [Na]i was 220 mM and this required a reduction in the [K]i in the medium from 300 to 160 mM. Alterations in the axoplasmic [K] of this magnitude do not have a large effect on membrane potential (Baker et al., 1962 a, b) ment (see below) with nominally Na-free medium indicated an actual Na level in axoplasm of less than 1 m. We infer therefore that a similar degree of control was effected during this series of experiments. To determine whether [Li] . would affect Na efflux, an axon was first dialyzed with [Na] = 10 mM, and then a change was made to a medium of [Na]i = 10 mM + [Li] = 80 mM (by substituting Li for K in the internal dialysis fluid). Fig. 5 shows the results of this experiment. It is apparent that the Na efflux is unaltered in magnitude in the presence of eight times as much Li as Na, suggesting that [Li]i does not inhibit the Na extrusion mechanism.
The Effect of [A TP]I on Na Eflux
One useful piece of information that was not difficult to obtain by the internal dialysis technique was the relationship between internal [ATP] and Na efflux. Preliminary measurements had indicated that it would be necessary, in work-I91 r^ ing out this relationship, to use [ATP] as low as 10 M and it was also clear from axoplasmic consumption measurements that given the flow rates we used (about 1 X/min) it would not be possible to supply sufficient ATP to the axoplasm under these conditions. A convenient way around this difficulty was to include PA in the dialysis medium. Other experiments have shown that this substance does not fuel Na extrusion but it can be expected to maintain the Our internal dialysis fluids contained, therefore, either 0.5 or 5.0 mM PA in addition to any ATP. The usual experiment used a well-predialyzed axon on which a fuel-free base line was obtained. A change to an ATP-containing fluid was then made and another base line obtained. In this manner, by a stepwise increase of [ATP] in the dialysis fluid, several values of Na efflux at different [ATP]i were obtained. The [ATP] in the dialysis fluid both entering and leaving the axon was analyzed to obtain the effective concentration, which was taken as the mean between these two values; in most cases the numbers agreed to within 25%. An experiment of this sort is shown in Fig. 6 . The collected results from a number of axons are shown in Fig. 7 . This curve has some unusual features: the Na efflux does not appear to saturate with increase in [ATP] although the slope is greatest over the range from 1 to 100 uM ATP, a range very much lower than physiological concentrations. A reservation about the efflux observed at high [ATP] placed with either lithium-containing or potassium-free seawater. Lithium seawater produced a mean reduction of efflux of about 10% in three dialyzed axons with internal ATP of 19-44 tM, which is only slightly larger than the average reduction of 5% seen in fully fueled axons. However, the reduction in sodium efflux resulting from removal of external potassium appeared to be less marked; only about 10-20% of the efflux was inhibited compared to about 50% in fully fueled axons. There was some doubt about the condition of the axons when they were tested, since the tests were made at the end of a sequence of solution changes when the axons may have begun to deteriorate. The tentative conclusion drawn from these observations is that the efflux observed during dialysis with low [ATP]i is not simply Na:Na exchange, although it may not exhibit as much potassium sensitivity as efflux from fully fueled axons.
No Efflux
Stroph /Control 
The Effects of Strophanthidin and [A TP] i on Na Efflux
The cardiac glycoside, ouabain, and its aglycone, strophanthidin, have been extensively used as inhibitors both of Na extrusion in cells and of ATP hydrolysis by membrane ATPase preparations. Indeed, such inhibitors have been used to define active transport as that part of the Na efflux which is inhibited. As noted previously, about 10 pmoles/cm2sec of Na efflux appeared to remain in dialyzed or injected squid axons (Caldwell and Keynes, 1959; Brinley and Mullins, 1967) "' complete inhibition of Na pumping . The nature of this glycoside-insensitive Na efflux was obscure and experiments were designed to study it further. Since, as was shown above, Na efflux from squid axons is linearly related to [Na]i , it was of interest to see whether the fraction of the Na efflux which is sensitive to strophanthidin would change if [Na]i were reduced. An experiment of this sort was made with an [Na]i in the dialysis fluid of 10 m; the axon was fueled with 5 mM ATP + 5 mM PA. Fig. 5 shows the result of this experiment. The Na efflux was appropriate to this level of internal Na and upon the application of strophanthidin 10 uM, the efflux was reduced to one-third of Nao mM its previous value. This is quite similar to the response of an axon fully fueled and with an internal Na of 80 mM (see the last part of Fig. 1 ). The conclusion from this experiment is, therefore, that strophanthidin is capable of making a large reduction in Na efflux even when [Na] (and therefore Na efflux) is quite low.
A second variation of the experimental conditions is to keep the internal Na concentration at 80 mM and to lower [ATP] .. An [ATP]j was selected that was much lower than physiological concentrations but nonetheless yielded a rather large efflux. A value of 30 MM ATP was chosen and the top curve in Fig.  8 shows the response of the Na efflux to strophanthidin under these conditions. This is the usual decline in Na efflux to a value of about 0.5 that of the control efflux, or a response similar to that seen in Fig. 5 . A value for ATP of 22 UM was selected on the basis that it ought to produce a quite low Na efflux but one easily distinguished from the leakage efflux. An experiment with this concen-I tration of ATP is also shown in Fig. 8 . Here, the result is quite different from that obtained with low internal Na in that the application of strophanthidin produced virtually no change in Na efflux, nor did a subsequent change in [ATP]i to 5 mM result in any increase in Na efflux. If instead of supplying an internal ATP concentration of 22 juM, the axon was well-washed and had a very low ATP concentration (as measured in the dialysis effluent) of 2-3 jAM, then the efflux of Na which was initially about 2 pmoles/cm2sec, changed upon the application of strophanthidin to a value of about 10 pmoles/cm 2 sec. A convenient method of summarizing the effects of strophanthidin on Na Minutes efflux is to note that it changes the Na efflux to a value of roughly 10 pmoles/ cm 2 sec, no matter what the initial value of Na efflux might have been. A summary of the results with strophanthidin is given in Table III . The ratio: efflux in strophanthidin/control efflux has been plotted in Fig. 9 as a function of internal ATP.
The Effect of [Na]o on Sodium Influx
Previous work with dialyzed axons suggested that the Na influx was about 1.5 times higher than the usual values given in the literature for injected axons, and was presumably an unavoidable concomitant of the technique itself. Since rather drastic alterations in Na efflux were made in the course of the experiments described above, it was clearly important to discover whether there were comparable alterations in Na influx. Previous experiments have shown that the replacement of Na in seawater by Li led to no change in Na efflux in fully fueled axons, suggesting that Na:Na exchange did not occur under these conditions. One would conclude, therefore, that Na influx was purely passive and that the influx should be directly proportional to external sodium. Experiments to measure Na influx were made by dialyzing axons with a fluid containing 80 mM Na and 5 mM each of ATP and PA. The seawater outside the axon contained 24Na and samples of the internal dialysis fluid were collected to measure the counts appearing in axoplasm. The seawater used had 430, 30, or 15 mM, Na and influx was evaluated at the highest [Na]i and at one lower [Na]i . The collected results on Na influx as a function of [Na]o in 3 fueled axons are shown in Fig. 10 ; the linear relationship between Na influx and [Na] 0 is apparent. This implies a constant PNa in a fueled axon independent of both [Na]o and [Li]o. Intermediate [Na] 0 were not tested so it is possible that the apparent linearity of Na influx with [Na]o is fortuitous.
The Effect of [Na]i and [A TP] i on Sodium Influx
Since experiments with axons poisoned with cyanide and then injected with large amounts of ATP have shown (Caldwell et al., 1960 ) that Na influx is increased about 20% under these conditions, the proposition that metabolism may affect PNa as well as the efflux of Na seemed an important one to examine.
Axons predialyzed with a medium free of both fuel and Na had a low Na influx from seawater containing a normal [Na]o, as is shown in Fig. 11 . A subsequent change of the internal dialysis fluid to one containing 80 mM Na led to a rise in Na influx, while the further addition of ATP 5 mM and PA 5 mn increased the Na influx still more. The effect of [Na]i is quite reversible, and the Na influx fell when internal Na was removed from the dialysis medium. A summary of the experiments done is given in Table IV from which it can be seen that internal ATP and internal Na act more or less independently of each other in increasing Na influx. Individual axons are likely to have considerable variation in their measured Na influx values so that for purposes of analysis it was better to compute for a particular axon the ratio of the change, and take the mean of these values. This has been done in columns 9-13 of Table IV and from the means it can be seen that the addition of Na to the internal dialysis medium in the absence of ATP increases Na influx to 1.33 that of the control (column 9). Column 12 gives the value for an equivalent change when ATP is present in the axon and here the Na influx increases to 1.5 its previous value so that it would appear that the inclusion of Na in the dialysis fluid has about the same effect whether or not ATP is present. If ATP alone is added (column 10), without any Na inside, Na influx increases to 1.7 times the control value, while if ATP is added in the presence of [Na] i the value is 2.0. Considering the relative inaccuracy of comparisons between influxes in different axons, the values 1.7 and 2.0 show a satisfactory agreement. The experimental findings can be summarized by saying that the addition of both ATP and Na to the inside of an axon increases the Na influx about 140% above the influx into a dialysate containing only K. This change is made up of a 50% increase produced by Na alone and a 90% increase produced by ATP alone. A puzzling result was the effect of ATP alone since one might imagine that it could not affect the membrane without the activating effect of some [Na] . The possibility existed that the large [Na]o of normal seawater supplied some Na to a region of the membrane where Na was required for activating Na pumping. One might expect therefore that the "ATP effect" would be re- duced or absent at low [Na] . An experiment of this sort is shown in Fig. 12 where Na influx was measured in seawater with [Na]o = 430 mM; the internal dialysis solution was fuel-free with Na 80 mM + K. When a base-line of normal influx had been established at about 40 pmoles/cm 2 sec, the seawater was changed to [Na]o = 30 m, [Li]o = 400 m, and the second ordinate scale on the graph is drawn to reflect the change in efflux to be expected on the basis (see above) that Na influx is linearly related to [Na]o. Next a change to ATP 5 mM was made and the Na influx increased to 2.1 times its former value. This ratio remained unchanged when [Na]o was increased to 430 m again so that the conclusion from this experiment is that [Na]o does not affect the change in Na influx brought about by ATP.
Na Influx As Affected by Na:Na Exchange
If the internal dialysis medium contains only K or (K + ATP), there is no possibility of a one-for-one exchange of Na across the membrane since no Na is included inside (analysis of a dialysate sample showed [Na]i < 1 mM); if the internal dialysis solution contains (Na + K) but no fuel, then the Na efflux is so small (of the order of 2-3 pmoles/cm 2 sec) that it cannot account for the increment in Na influx (of the order of 10 pmoles/cm 2 sec). These conclusions, while quite straightforward, did not rule out the possibility of an unfamiliar artifact; thus it appeared useful to measure Na influx and Na efflux on the same axon. Fig. 13 shows the results of this experiment; dialysis was initially FIGURE 13. An influx-efflux experiment on a squid axon dialyzed with fuel-free medium is shown. The axon was in standard artificial seawater throughout the experiment and influx measured with 24Na. At the time indicated the internal solution was changed from one that was Na-free to one containing 80 mM Na. External 24Na was then removed, 22Na added to the internal dialysis solution, and Na efflux measured.
with K only followed by (Na K). After the influx had been determined with 2 Na, the seawater was removed, the chamber thoroughly flushed, and then perfusion with the same internal dialysis medium (containing only Na + K) plus 22 Na was begun. The efflux samples collected were stored until the 2'Na had decayed and then the 22Na was counted and Na efflux calculated. The increment in influx following the addition of [Na]i was 10 pmoles/cm 2 sec while the total efflux determined under the same perfusion conditions some 30 min later was only 2.8 pmoles/cm 2 sec. This latter value exceeded the passive efflux calculated from the flux ratio equation by only about 1 pmole/cm 2 sec.
About half of this excess could be attributed to the residual ATP of 1-5 ,UM which normally is present in exhaustively dialyzed axons. The amount of effiux unaccounted for and available to balance the assumed influx due to Na:Na exchange was therefore about 5% of the amount required. One con- cludes that a simple one-for-one Na :Na exchange cannot explain the observed findings in ATP-deficient axons. Inasmuch as the methods for measuring influx in dialyzed squid axons are admittedly imprecise, the arguments advanced in the preceding paragraphs cannot exclude the presence of some Na :Na exchange under the conditions of these experiments, but the amount must be rather small. Alterations of sodium influx as small as 10 pmoles/cm 2 sec could readily be detected in the present series, and definitely excluded from a Na :Na exchange mechanism. The mean control sodium influx in this series was 71 pmoles/cm 2 sec; we estimate therefore that an undetected exchange mechanism could account for no more than about 10/71 = 14% of the control influx.
DISCUSSION
Flux Balance in Dialyzed Axons
A previous report indicated that the Na influx in dialyzed axons was about 50% above that in intact or injected axons (Brinlev and Mullins, 1967) . The fact that the influx in the present series averages 71 pmoles/cm2sec as against 57 pmoles/cm 2 sec for the earlier experiments with dialyzed axons can probably be ascribed to the additional trauma attendant upon the various external and internal solution changes required for these more recent experiments. A slight correction should probably be made to the Na influx because the internal perfusion solution contained 80 mM Na in most experiments, and [Na]i in fresh axons (with which the comparisons are made) is more nearly 50 mM. On the assumption that the increment in Na influx is linearly related to [Na]i , the influx in axons dialyzed with an internal sodium similar to that found in fresh axons would be 47 + 50/80 X (71-47) = 62 pmoles/cm2sec (see Table IV ), a value still about 25-50% above that found for fresh axons.
Although the magnitude of the influx, and hence the sodium permeability, is higher than in normal axons, the response of the influx to ATP seems to be about the same. In the present series the ratio of unfueled/fueled influx lies in the range 0.5-0.6, whereas the ratio in axons first treated with cyanide and then injected with ATP was about 0.8 (Table 6, Caldwell et al., 1960) . Qualitative agreement is about all that can be expected because the range of internal ATP concentrations and ATP/ADP ratios differed widely in the two series.
The values for Na efflux obtained in the present study (40-50 pmoles/ cm 2 sec) at Na = 80, ATPi = 4, and T = 15 0 C) seem to agree rather well with other data when appropriately scaled for temperature, internal sodium, and ATP: 41 (Caldwell et al., 1960) , 58 (Sjodin and Beauge, 1967) , 40 (Canessa et al., 1968), 45 (DeWeer, unpublished data) . Since virtually all of the Na efflux can be attributed to some sort of ATP-dependent pump or pumps, we infer that the extrusion process is working relatively normally, and that the excess of influx over efflux is probably due to abnormal sodium permeability rather than a deficient operation of the extrusion process.
The net gain of sodium (71 -48 = 23 pmoles/cm 2 sec) observed in the present experiments is balanced rather well by a net loss of potassium from dialyzed fibers which we estimate (Mullins and Brinley, unpublished data) to be 15-20 pmoles/cm 2 sec. It appears therefore that there is no uncompensated cation transfer across the axolemma of the dialyzed axon. A net gain of sodium in isolated cephalopod axons has also been noted by some others (e.g., Steinbach and Spiegelman, 1943; Shanes and Berman, 1955; Keynes and Lewis, 1951) .
Energy Sources for Na Extrusion For some time there has been strong evidence that the substrate for the Na pump in nerve is either ATP or some substance readily formed from ATP. Such a conclusion was suggested by the effects on Na efflux of (a) inhibitors of oxidative phosphorylation such as CN, (b) uncouplers of phosphorylation such as dinitrophenol, and (c) inhibitors of membrane transport such as ouabain. The preparation of an ATPase from nerve membrane fragments followed by the demonstration that this enzyme was activated by Na and K and inhibited by glycosides (Skou, 1957 (Skou, , 1960 lent further support to the role of ATP as the source of energy for Na extrusion.
Because of the rapidity with which PA and ATP can be interconverted, inhibitor studies on cells undergoing Na transport are incapable of showing whether a substance such as PA is the actual substrate for Na extrusion. By using an experimental arrangement which removed intermediates necessary for oxidative phosphorylation, glycolysis, or transphosphorylation it was possible to assay the activity of selected compounds in energizing Na transport.
Previous studies with ATP as a substrate demonstrated that this substance was capable of fueling Na extrusion at virtually normal rates. The present studies have confirmed this finding and extended the range of these observations to other substrates. Of the 11 compounds tested, the only other substance capable of giving an appreciable Na extrusion was deoxyribose ATP. Our measurements show that d-ATP yields a Na extrusion that is of the order of 25-50% of that produced by an equivalent concentration of ATP but too few measurements have been made to allow a really quantitative comparison between the two substrates.
The triphosphates UTP, CTP, and GTP were essentially without effect on Na extrusion; the small effect on efflux that was actually observed could well be the result of a small ATP contamination of the compounds used or of some transphosphorylation taking place in the axoplasm. The inactivity of these compounds implies a specificity requirement for an adenine ring in any compound that is to serve as a substrate. Dialysis with ADP + AMP resulted in an increment of Na efflux that could be reasonably ascribed to ATP formation, suggesting that these substances per se cannot support Na extrusion. The inactivity of the intermediates of glycolysis, PEP and 3-phosphoglycerate, further reinforces the notion of a high degree of substrate specificity on the part of the Na pump.
An interesting finding in connection with these substrate studies was the lack of effect of acetyl phosphate on Na extrusion. It has been shown (Bond et al., 1966; Bader and Sen, 1966) that this substance reacts with membrane ATPase fragments to form a phosphorylated intermediate that is similar to the intermediate formed between the enzyme and a terminal phosphate of ATP. Evidence that such an intermediate is related to Na pumping is given by the finding that Na + is required for the formation of the intermediate and that K + promotes the decomposition of the intermediate. The decomposition with the release of phosphate is inhibited by ouabain. In the case of acetyl phosphate, the intermediate forms without the presence of Na, suggesting that this substrate has modified the ion specificity requirements of the enzyme. Therefore, the expectation would be that in the presence of AcP the Na pump might transport any cation, including Na; however, the results clearly show a failure of this compound to affect Na transport in squid axons. The conclusion appears inescapable that either dialysis removes an unidentified cofactor necessary in the AcP reaction, or that the formation of a phosphorylated intermediate, as shown by enzyme studies may not be directly related to Na transport in squid axons.
Considered together, these results indicate that ATP is the only high energy phosphate likely to be present in the axon at reasonable concentrations which will support a normal amount of sodium extrusion, although several of the substances tested are probably present in small amounts in normal axoplasm. We infer that if there is more than one Na extrusion mechanism, then, under the conditions of the present experiments, ATP is the only fuel source.
Dependence of Effux on [ATP]i and [Na]i
The experiments reported have shown that both [Na]i and [ATP]i have important effects on both Na efflux and Na influx. A general statement about these effects is that increases in either [Na]i or [ATP]i increase both Na efflux and Na influx. The details of these changes are discussed below.
Sodium efflux appears to be a linear function of [Na] over a concentration range of 2-240 mM, although some reservation must be made about this statement because at [Na]i = 11 mM much of the Na efflux was cut off in Li seawater while this effect does not occur at [Na]i = 80 m. The linear relation between efflux and [Na]i in squid axons has been reported by several groups using varying concentration ranges (Hodgkin and Keynes, 1956; Sjodin and Beauge, 1967) ; and represents a distinct difference from muscle where a highly nonlinear relation has been found (Keynes and Swan, 1959; Mullins and Frumento, 1963; Brinley, 1968) . It might be noted that when [Na] This large electrochemical potential difference would make it thermodynamically impossible for 3 Na to be extruded per ATP molecule split (Baker and Shaw, 1965) and would require exceedingly high efficiencies even if the stoichiometry were as low as 2 Na/ATP. We have made no systematic measurements of Na effiux into Na-free solutions at low [Na]i but the one value cited above suggests that Na: Na exchange becomes prominent when [Na]i is reduced, although it is absent at a concentration of 80 m.
The fact that Na efflux is linearly related to [Na] i but that at low [Na]i the Na efflux is dependent on [Na] 0 gives support to the notion that a single mechanism is engaged in either Na: Na or Na: K exchange. This is inferred from a consideration of how a two-mechanism scheme might work: a slowing down of Na: K exchange would not necessarily lead to a starting up of Na: Na exchange. Presumably a Na: Na exchange mechanism requires less energy than the Na: K mechanism which seems to operate at higher [Na] i . It should be noted, however, that the efflux of Na at low [Na] retains the same fractional strophanthidin sensitivity as the efflux at higher [Na]i ; i.e., about 3. This result does not conflict qualitatively with the notion that the efflux is partly Na:Na coupled at low [Na], since have shown that the Na: Na exchange in red cells is ouabain-sensitive.
The absence of an effect of [Li]i on Na effiux can be interpreted as an indication that this ion is inert insofar as it might affect the Na pump. However, because of the linear relationship between Na effiux and [Na]i, a large [Li] , could affect the Na transport mechanism in a noncompetitive manner so that a metabolically dependent Li efflux might result without any affect on Na effiux. We have no experimental information on this point.
The sensitivity of Na efflux to [ATP] i is clearly different from its sensitivity to [Na] in two respects. In the first, tests have shown that when [ATP] is low, Na efflux is uninfluenced by Na-free conditions, implying that Na:Na exchange is not a prominent process. Second, the relationship between Na efflux and [ATP]i is linear over the concentration range of 1 to 10 yM, where efflux undergoes a change from about 1 to 10 pmoles/cm 2 sec. The relationship is much less steep between 100-1000 /LM but shows no evidence of saturating even at the highest values of [ATP] .
Effects of Strophanthidin
The effect of strophanthidin and related substances has been generally recognized as one of reducing Na efflux in squid axons (Caldwell and Keynes, 1959) , in muscle (Horowicz and Gerber, 1965) , and in red blood cells (Glynn, 1957) . In none of these preparations has the Na efflux been reduced to a level compatible with that of the passive Na efflux as calculated from flux ratio considerations. The situation is quite similar in membrane ATPase preparations in which, typically, 10-20% of the enzyme activity cannot be inhibited.
Suggestions as to the nature of the strophanthidin-insensitive Na effiux have inclined toward another, glycoside-insensitive, Na pump (Hoffman and Kregenow, 1966) . In considering how this suggestion applies to squid axons, it might be noted that when axons are poisoned with CN, the reduction in Na efflux is about the same as when they are treated with strophanthidin. The explanation for the CN-insensitive efflux is the existence of residual [ATP] rather than a second nonATP fueled pump. Since very low internal ATP concentrations (of the order of 20 ,4) suffice to give a Na efflux similar in magnitude to that found in CN-or strophanthidin-poisoned fibers, it is reasonable to expect that the application of a second inhibitor which further reduces [ATP] , possibly by interfering with ATP produced by glycolysis, would produce an additional fall in Na efflux. A possible, though erroneous, interpretation of such an experiment might be that the second inhibitor interfered with a second pump for Na. Because of the strong dependence of sodium extrusion on [ATP]i in squid axons, the existence of another, nonATP fueled, pump cannot be demonstrated until the axoplasmic ATP has been reduced to the order of 1 AM. Our results do not support the idea of a second pump.
Our experimental findings with strophanthidin suggest that the effect of this substance is to change Na efflux from an initial [ATP]-dependent value to a value of about 10 pmoles/cmasec. These data could be easily understood if there were a component of sodium efflux insensitive to external strophanthidin. However, the existence of such a component cannot explain the effect of strophanthidin on the sodium efflux from axons dialyzed with extremely low [ATP]i of the order of 1-10 #M. In this case the Na efflux which is initially only about 2-5 pmoles/cm 2 sec rises to a value of about 10 pmoles/ cm 2 sec when strophanthidin is applied. Explanations for this effect can be considered by assuming that strophanthidin: (a) increases PN, of the membrane, or (b) initiates a Na: Na exchange, or (c) increases Na pumping.
The first explanation would require an almost fourfold increase in Na influx; it should be noted, however, that when ATP is absent from inside the axons, Na influx is about half its normal value so that only an over-all twofold increase in Na influx would result if this influx were compared with that in normal, fully fueled axons.
The second suggestion, that of a Na:Na exchange, is contradicted by a single experiment in which the strophanthidin-induced increase in ATPindependent sodium efflux was not reduced by substitution of lithium for sodium in the external seawater.
The difficulty with the third explanation, i.e. strophanthidin-induced sodium extrusion, is that this suggestion would require an energy source and no high energy phosphate was supplied in the experiment described. One rather complicated explanation is that strophanthidin in the course of making most of the pump mechanism unable to utilize ATP, transforms some fraction of the pump mechanism in a manner such that it is able to utilize ATP at a concentration of 2-3 /M. One other energy source known to be available is the Na concentration gradient across the membrane. If the energy of this dissipative movement of Na+ could be somehow coupled to the Na pump, some Na extrusion would be possible. Such a scheme does not rule out running the Na pump backward to make an energy source, but neither is it limited to such a scheme. Under no fuel conditions, Na influx is about 40 pmoles/cm 2 sec, and Na efflux is about 10 pmoles/cm 2 sec in the presence of strophanthidin; this would allow the entry of 4 Na to promote the extrusion of 1 Na, assuming that Na influx was uninfluenced by strophanthidin.
Sodium Influx
The Na influx experiments were done to examine the extent to which variations in the internal concentrations of Na and ATP might influence Na movement. The results are best discussed by reference to the The first point to be examined is the nature of the change in Na influx when the internal dialysis solution is changed from one containing only K to one with Na + K. The mean increment in influx is 10 pmoles/cm2sec while the mean increment in efflux can be expected to be of the order of 2 pmoles/cm 2 sec a value close to that expected for a purely passive Na movement from the axon. Thus, there is very little Na efflux which can be attributed to a metabolic process or to Na: Na exchange diffusion so that the increment in influx could be described formally as a change in PN, . If instead of adding Na to the internal dialysis medium one adds (ATP + PA), there is an increment of influx of 14 pmoles/cm 2 sec (column 3-column 1). Although the addition of fuel does clearly increase Na influx, the absence of [Na]s precludes there being any Na efflux for coupling. This increment in Na influx could also be considered as resulting from an increment in P,, of the membrane.
An interesting consequence of the dependence of Na influx on [Na]i is that net influx of Na is changed by only half the value of the Na efflux generated by pumping. This is seen by comparing the net flux of column 3 with that of column 4. The net influx is 23 pmoles/cm 2 sec in the presence of Na; this is just half the net influx in the absence of Na. As Na efflux is linearly dependent on [Na]i, if PN,, also has a linear dependence, then the net flux will be only half the change in efflux for all concentrations.
It is interesting to compare the foregoing analysis of the effects of changes in [Na]i and [ATP]i with the conventional way in which data from inhibitor studies are treated. Since there is a large increase in Na influx when ATP is present inside the axon, it might be argued that this increment in influx resulting from the addition of substrate is a pumped ion movement. The fact that this ion movement is linear with [Na] , cannot be used as evidence against this notion because Na efflux, which is clearly a pumped ion movement, responds linearly to [Na]i . These observations underline the difficulty in discriminating between pumped and passive ion movements when the ion flux in question does not involve movement against an electrochemical gradient.
By way of summarizing the influx data, it would appear that concomitant with turning on Na extrusion there is a substantial increase of Na influx. This change of flux cannot be largely a Na: Na exchange and can therefore be formally described as a changed Na permeability. It seems, however, that the presently accepted theoretical framework is inadequate to explain the observations properly since the changes observed are undoubtedly closely connected with Na pumping.
Energy Expenditure for Sodium Extrusion Finally, it seems useful to compare the energy expenditure for ion pumping in some tissues in which reasonably accurate values for the ion fluxes and the electrochemical gradient are available. These are shown in Table V ; from them, the minimum power input to the sodium and potassium pumps has been calculated. The following points can be noted.
1. The thermodynamic requirement for energy expenditure to effect inward potassium ion movement for the tissues listed in Table V , except for the erythrocyte and isolated squid axon, is nearly zero. This conclusion does not depend upon the exact value chosen for the active potassium influx, because the electrochemical gradient for entries other than the erythrocyte and isolated squid axon is not significantly different from zero. Even though the absolute power input to the erythrocyte potassium pump is very small, it is still finite because the electrochemical gradient is definitely different from zero. In the case of the isolated squid axon, an energy requirement appears to stem from the fact that such axons are depolarized by about 17 my compared with axons in situ (Moore and Cole, 1960) but even under these conditions the power requirement for potassium pumping is still only about 5% of the requirement for the sodium pump. 2. The energy expenditure for an isolated squid axon pumping Na is rather large compared with the other nerve or muscle preparations listed in Table V , but there is reason to suppose that such a preparation has been made highly leaky to Na by the procedures necessary to isolate it. An intact squid axon has a power expenditure for Na pumping much more comparable with that for muscle fibers or lobster nerves. These tissues do not have cut branches and the conditions in the isolated preparation probably resembles more closely those found in the in vivo tissue.
3. The energy requirement for sodium pumping in the nerve and muscle preparations is about 60-200 nwatts/cm 2 whereas the power input for the erythrocyte is about 0.5% of this value.
4. The power inputs to the erythrocyte sodium and potassium pumps are approximately the same, whereas in all other tissues the relative energy expenditure for the potassium pump is very much less if not actually zero.
5. The minimum energy for sodium extrusion is about 20% of the total energy produced by the cell.
